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Abstract 
Carbon nanotubes (CNTs) consist of a graphene sheet (two-dimensional hexagonal lattices of carbon atoms) rolled up 
into a cylinder. This nanoscale structure has generated enormous interest in the research field of science and 
engineering in the last decades because of its excellent mechanical properties. For example, Young’s modulus of 
CNTs is estimated to be on the order of TPa (i.e., several times stiffer than steel) and the tensile strength is as high as 
tens of GPa. This means that CNTs are the stiffest and strongest materials on earth. On the other hand, CNTs are 
known to have its remarkable flexibility when subjected to external hydrostatic pressure and bending force. Owing to 
such mechanical properties, CNTs are regarded as an ideal material for superstrong nano-fiber and thus hold great 
promise for use as next-generation materials. It has also been broadly accepted that mechanical deformation of a 
carbon nanotube causes significant changes in its physical and chemical properties. Precise knowledge of its 
deformation mechanism and available geometry is, therefore, crucial for understanding the precise physics of CNT 
systems and in developing CNT-based applications. Here we introduce such remarkable elastic and plastic 
deformation properties of CNTs, as well as recent theoretical and experimental progresses in the field of many 
excellent CNT researches. 
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1. INTRODUCTION
Nanostructure science and engineering are widely believed to spark technological innovation in the next 
decades. Among many nanostructured materials, carbon nanotubes (CNTs, see Figure 1) have drawn great 
deal of attention. Since the discovery of CNTs in the early 1990s, it was expected that these 
nanostructures have truly remarkable mechanical properties. Nowadays, many experimental and 
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theoretical studies have proved that CNTs possess outstanding structural properties such as the 
extraordinary high strength and stiffness in the axial direction and remarkable flexibility in the radial 
direction. These properties have led to the expectation that CNTs may be used in many kinds of 
applications, such as reinforcement of composite materials and fabrication of nanoelectromechanical 
devices (NEMS), and so on. 
 
Figure 1: Microscopic structure of a single-walled carbon nanotube. 
 
 
Figure 2: (a) Transmission electron microscope (TEM) image of a multiwalled carbon nanotube. (b) Schematic of a multiwalled 
carbon nanotube. (reprinted with permission from Kis and Zettl 2008) 
It has been widely accepted that mechanical deformation of CNTs causes significant changes in their 
physical and chemical properties. Therefore, precise knowledge of their deformation mechanisms is 
crucial for understanding the precise physics of CNT systems and developing CNT-based applications. 
Here some remarkable elastic and plastic deformation properties of CNTs, as well as recent theoretical 
and experimental progresses in the field of many excellent CNT researches are introduced in this paper. 
2. MECHANICAL PROPERTIES OF CARBON NANOTUBES 
In this section, some recent advancement of mechanics researches regarding the carbon nanotube 
deformation is reviewed. 
2.1. Elastic modulus 
CNTs are stiffer and stronger than any other known materials on earth. Young's modulus of CNTs is 
estimated to be on the order of TPa, making them the material with the highest tensile strength known by 
far, capable of sustaining high strains without fracture. 
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The first experiment on the Young’s modulus of multi-walled carbon nanotubes (MWNTs, see Figure 2) 
was made by Treacy et al. (1996). In the actual measurement reported there, an average value of 1.8 TPa 
out of 11 different nanotubes is obtained, in which individual values ranged from 0.4 to 4.15 TPa. The 
scatter of the data is relatively large, reflecting the experimental difficulties in obtaining accurate values 
of the oscillation amplitude, the inner and outer radii of the tubes, their length, etc. Nevertheless, these 
results provided the first proof that carbon nanotubes possess exceptionally high stiffness. The other 
experimental and theoretical researches regarding the Young's modulus of MWNTs thus far showed a 
tendency that the small Young’s moduli were obtained when the diameters were large. 
Shortly afterwards, the same experimental approach was employed to measure the Young modulus of 
isolated single-walled nanotubes (Krishnan et al., 1998). In this case, a larger number of samples of 
nanotubes (27 in total) was used, and the mean value obtained was 1.25 TPa. This value is very similar to 
that of the in-plane elastic constant of graphene layers. 
2.2. Tensile strength measurements 
Experiments probing failure strengths of nanotubes are very challenging, due to the difficulties in 
accurate measurement of the stress that exerts on nanoscale objects as well as in growing high-quality, 
defect-free nanotubes of sufficient length. The first experiment aiming at measuring the failure strength 
and strain of nanotubes was conducted in 2000 by Yu et al (2000) for MWNTs produced by arc-
discharged methods. Tensile-loading tests were carried out by attaching MWNTs to two opposing atomic 
force microscope (AFM) tips and pulling them apart until failure was observed. The technical difficulties 
in carrying out these experiments are illustrated by the fact that in about 50 % of the attempted load 
experiment, the nanotube detached itself from one of the two tips before failure was observed. The same 
test was performed successively for 19 different MWNTs. As a consequence, all the tubes were observed 
to break in the so-called sword-in-sheath mechanism; failure was restricted to the outer wall of the 
MWNTs (i.e., the wall attached directly to the AFM tips), while the inner walls were unaffected and slid 
out as a sword pulled from its sheath once the outer tube failed. The failure strain ranged between 3 and 
12 %, and the strength from 11 to 63 GPa. The large scattering in the obtained values reflects different 
contents in number of structural defects in the outer shells of the MWNTs. 
2.3. Plastic elongation under uniaxial strain 
At room temperature, carbon nanotubes typically fail at strains of less than 15 %, and in practice only 6 % 
is achieved due to structural defects. Hence, it would be very surprising that at high temperature above 
2000 K, a SWNT undergoes superplastic deformation (i.e., super-elongation) to strains of 280 %. 
Furthermore, such the exceptional ductile behaviors were observed also in double- and triple-walled 
carbon nanotubes with an elongation of 190 %. Thus, although carbon nanotubes are brittle in normal 
conditions, at sufficiently high temperatures they become extremely ductile. 
Figure 3 shows the evidence of the super-elongation (Huang et al, 2006). At tensile failure, the SWNT 
was 91 nm long, showing a tensile elongation of 280 %; its diameter was reduced 15-fold, from 12 to 0.8 
nm. During deformation, the SWNT is heated by more than 2300 K through a contact bias voltage. The 
same tensile loading without bias (i.e., at low temperature) results in a break out of the nanotube as shown 
in Figure.3 (e)-(g). One important clue to understand the 280 % tensile strain is the presence of the kinks 
(a sudden change in the tube diameter) and their motion during elongation. Indeed several kinks are 
observed during tensile straining [Figure.3 (b)-(d)], propagate along the tube and then pile up or disappear 
at the ends. In addition, the nanotube narrows immediately after the kink passes. These kinks are thought 
to be associated with topological defects (i.e., 5-7 paired defects) as supported by the theory described in 
the paper by Yakobson et al (1998). 
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Figure 3: In situ tensile elongation of individual single-walled carbon nanotubes viewed in a high resolution transmission electron 
microscope. a–d, Tensile elongation of a single-walled carbon nanotube under a constant bias of 2.3 V (images are all scaled to the 
same magnification). Arrowheads mark kinks; arrows indicate features at the ends of the nanotube that are almost unchanged during 
elongation. e–g, Tensile elongation of a SWCNT at room temperature without bias (images e and f are scaled to the same 
magnification). Initial length is 75 nm (e); length after elongation (f) and at the breaking point (g) is 84 nm; g, low-magnification 
image of the SWCNT breaking in the middle. (reprinted with permission from Huang et al. 2006) 
2.4. Buckling under uniaxial compression, bending and torsion 
CNTs are not so strong under axial compression compared with tension because of their hollow shape and 
high aspect ratio. From this point of view, many researches regarding axially compressed buckling 
behaviours of CNTs have been conducted thus far. Figure 4 shows one of some notable examples of 
numerical analyses demonstrated by Yakobson et al. (1996), which suggested a buckling strain of 0.05 
under uniaxial compression.  
CNT deformations under bending also exhibit quite interesting mode shape. A pure bending load acting 
on a CNT leads to an ovalization of the cross-section and as the bending progresses, two instability 
deformation modes can occur, those are “kinking (Figure 5)” and “rippling (Figure 6)”. 
2.5. Cross-sectional buckling under hydrostatic pressure 
Recently, our research group has analytically found a novel deformation mode of MWNTs under 
hydrostatic pressure loading condition (Shima and Sato (2008), Sato and Shima (2009) ). In cases of an 
isolated SWNT, its cross section simply exhibits a circularto-elliptic transition at a critical hydrostatic 
pressure pc. The value of pc decreases with r as pc = rí3, which agrees with the conclusion of the classical 
continuum theory. This scenario, however, fails in the case of MWNTs. It has been shown that MWNTs 
consisting of several tens of concentric walls undergo a novel crosssectional deformation, called radial 
corrugation, in which the outer walls exhibit wavy structures along the circumferential direction. The 
radial corrugation originates from the multilayered nature, i.e., the competing effects between the 
mechanical instability of outer walls with large radii and the radial rigidity of inner walls with small radii. 
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Figure 4: MD-simulated nanotube of length L = 6 nm, diameter d = 1 nm, and armchair helicity (7,7) under axial compression. 
(reprinted with permission from Yakobson et al. 1996) 
 
(a) 
 
(b) 
Figure 5: (a) A MWNT (diameter = 8 nm) showing a single kink (b)Atomic structure of a single kink obtained in the computer 
simulation of bending of the single-walled tube. (Iijima et al. 1996) 
 
Figure 6: Bent MWNTs. (reprinted with permission from Arias and Arroyo 2008) 
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(a)  
(b) 
Figure 7: (a) Elliptic mode and (b) Corrugation mode under hydrostatic pressure. 
 
Figure 8: (a) Phase diagram of the radial corrugation for embedded MWNTs. A slanted solid line represents the phase boundary 
between the inward-deformation phase (below the line) and the outward phase (above). (b) Contour plot of the critical pressure pc. 
A solid line represents the ridge line appearing in the three-dimensional pc surface. (reprinted with permission from Shima et al. 
2010) 
Figure 7 illustrates two typical hydrostatically pressurized buckling deformation patterns, which are 
“elliptic” and “corrugation”-shaped modes. Various corrugation patterns have been observed under a 
pressure of several GPa, wherein the stable cross-sectional shape depends on the innermost tube diameter 
and the total number of concentric walls. 
We have also found that the corrugation behavior of a MWNT changes if it occurs in an embedding 
elastic medium (Shima et al. (2010), see Figure 8). When a MWNT is embedded in a large elastic 
medium that is in complete contact with its outermost wall, a uniform shrinkage of the medium exerts an 
external force on the outermost wall, as similar to the case of hydrostatic pressure. But a difference arises 
when the medium possesses moderate stiffness, since the energy required to deform the medium should 
be responsible for determining the stable corrugation pattern. This fact implies an uncovered corrugation 
mechanism peculiar to embedded MWNTs. These arguments motivated us to show that the presence of a 
surrounding elastic medium triggers diverse variations in corrugation modes that cannot be observed in 
MWNTs under hydrostatic pressure. These diverse modes are found to be grouped into two corrugation 
phases that exhibit a significant difference in the corrugation amplitude of the innermost wall of the 
MWNT. These findings will help to tune the core-tube geometry of MWNTs, thus providing useful 
information for developing nanofluidic or nanoelectrochemical devices whose performance depends on 
the geometry of the inner hollow cavity of nanotubes. 
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3. CONCLUSIONS 
Here some recent research progresses on the mechanical deformation of carbon nanotubes are introduced. 
Other up-to-date characteristic research results will be demonstrated in my presentation. 
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